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Ischemic preconditioning ameliorates spinal cord
ischemia-reperfusion injury by triggering
autoregulation
Cheng-Loong Liang, MD,a,b,c Kang Lu, MD, PhD,b Po-Chou Liliang, MD,b Tai-Been Chen, PhD,c
Samuel H. H. Chan, PhD,a,d and Han-Jung Chen, MD, PhD,b Kaohsiung, Taiwan
Objective: The mechanism underlying ischemic preconditioning (IPC) protection against spinal cord ischemia-reperfusion
(I/R) injury is unclear. We investigated the role of spinal cord autoregulation in tolerance to spinal cord I/R injury induced
by IPC in a rat model.
Methods: Sprague-Dawley rats were randomly assigned to four groups. IPC (P) group animals received IPC by temporary
thoracic aortic occlusion (AO) with a 2F Fogarty arterial embolectomy catheter (Baxter Healthcare, Irvine, Calif) for 3
minutes. The I/R injury (I/R) group animalswere treatedwithbloodwithdrawal and temporaryAO for 12minutes, and shed
blood reinfusion at the end of the procedures. The PI/R animals received IPC, followed by 5minutes reperfusion, and then
I/R procedures for 12minutes. Sham (S) group animals received anesthesia and underwent surgical preparation, but without
preconditioning or I/R injury. Neurologic function on postprocedure days 1, 3, 5, and 7 was evaluated by Tarlov scoring.
Lumbar segments were harvested for histopathologic examination on day 7. To evaluate the role of autoregulation in IPC,
spinal cord blood flow and tissue oxygenation were continuously monitored throughout the procedure duration.
Results: The Tarlov scores in the I/R group were significantly lower than those in the S, P, and PI/R groups on days
1, 3, 5, and 7 (P < .001). No significant differences were noted between the S, P, and PI/R groups. The numbers of
survivingmotor neurons in the S, P, and PI/R groups were significantly higher than those in the I/R group (P< .001);
however, the number of surviving motor neurons did not differ between the S, P, and PI/R groups. The P group
exhibited higher spinal cord blood flow (P  .001-.043) and tissue oxygenation (P  .032-.043) within the first 60
minutes after reperfusion than the S group. The PI/R group exhibited higher spinal cord blood flow (P  .016-.045)
and tissue oxygenation (P  .001-.038) within the first 60 minutes after reperfusion than the I/R group.
Conclusions: IPC ameliorates spinal cord I/R injury in rats, probably mediated by triggering spinal cord autoregulation
and improving local spinal cord blood flow and tissue oxygenation. This concept may be the new therapeutic targets in
patients requiring aortic surgery. (J Vasc Surg 2012;55:1116-23.)
Clinical Relevance: Spinal cord ischemia-reperfusion (I/R) injury is a potentially devastating and unpredictable
complication of thoracoabdominal aorta surgery. Several protective strategies have been developed that attempt to
preserve blood supply or increase spinal cord ischemic tolerance. This study shows that ischemic preconditioning triggers
spinal cord autoregulation, improves local blood flow and tissue oxygenation, and ameliorates I/R injury. This concept
may have clinical utility in patients requiring aortic surgery, and triggering andmaintenance of spinal cord autoregulation
may be new therapeutic targets to eliminate the catastrophic complication.
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cThe incidence of paraplegia or paraparesis in patients with
thoracic and thoracoabdominal aorta aneurysms requiring
surgical or endovascular reconstruction averages 2.7% (range,
0%-12.5%).1 Spinal cord ischemia-reperfusion (I/R) injury
can be reduced by lesser ischemic duration, newer centrif-
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1116gal pump distal perfusion techniques, localized hypother-
ia, cerebrospinal fluid (CSF) drainage, motor-evoked or
omatosensory-evoked potential monitoring, increased
ean arterial pressure, reconstruction of the artery of Ad-
mkiewicz, and the use of various neuroprotective pharma-
ologic agents2-4; however, their therapeutic effects are
ontroversial and limited. Pathogenic mechanisms of neu-
onal cell death after spinal cord I/R injury include excito-
oxicity, apoptosis, mitochondrial dysfunction, free radical
amage, nitric oxide production, inflammation, and post-
schemic spinal cord hypoperfusion.5-7 Therapeutic target-
ng of thesemechanismsmay be beneficial for postoperative
/R injury.
Ischemic preconditioning (IPC) has been found to
rotect various organs, including heart, liver, kidney,
rain and spinal cord, from a subsequent longer ischemic
nsult.8-14 The underlying mechanism is not entirely
lear, however. Possiblemechanisms include upregulation of
ypoxia-inducible factor-1 target genes, expression modula-
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Volume 55, Number 4 Liang et al 1117tion of nitric oxide synthases, inhibition of apoptosis, activa-
tion of extracellular signal-regulated kinase, and expression of
heat-shock protein, vascular endothelial growth factor, and
brain-derived neurotrophic factor.13-16
Brain IPC reduces brain I/R injury by improving hy-
poperfusion, possibly by triggering cerebral autoregula-
tion, a homeostatic mechanism that minimizes deviation in
cerebral blood flow when cerebral perfusion pressure
changes.17,18 We hypothesize that IPC rapidly triggers
spinal cord autoregulation, improving regional blood flow
and tissue oxygenation and protecting the spinal cord
against I/R injury.
METHODS
All procedures in this study were conducted according
to the Guide for the Care and Use of Laboratory Animals
(US National Institutes of Health publication No. 85-23,
National Academy Press, Washington DC, revised 1996).
The experimental protocols were approved by the institu-
tional review board of I-SHOU University.
Animals. Male Sprague–Dawley rats weighing 330 to
380 g were obtained from the animal center of the National
Science Council of Taiwan and BioLasco (Taiwan Co. Ltd,
Taipei, Taiwan) and housed with a 12-hour light/dark
cycle.
Experimental protocol. Animals were randomly di-
vided into four groups of 30 rats. The IPC (P) group
underwent IPC by temporary aortic occlusion (AO) for 3
minutes. The I/R injury (I/R) group underwent blood
withdrawal and temporary AO for 12 minutes, and shed
blood reinfusion at the end of the procedure. The PI/R
group underwent IPC, followed by 5 minutes of reperfu-
sion, and then I/R procedures. The sham (S) group under-
went anesthesia in the same manner and similar surgical
preparation, but without IPC or spinal cord I/R. There
were five subgroups within each group: (1) hemodynamic
parameters (n  6), (2) neurologic outcome (n  6), (3)
histology results (n  6), (4) spinal cord blood flow (n 
6), and (5) tissue oxygenation (n  6).
Spinal cord I/R injury. Spinal cord I/R injury was
induced by temporary occlusion of the descending aorta
with a 2F Fogarty arterial embolectomy catheter (Baxter
Healthcare, Irvine, Calif), as described previously with
modifications.5,6 Animals were anesthetized with pheno-
barbital sodium (30 mg/kg intraperitoneally). For contin-
uous monitoring of the distal blood pressure through the
surgical procedures, a cannula was inserted into the tail
artery, connected to a monitor, and data were recorded
(PowerLab ADInstruments Pty Ltd, Castle Hills, Austrlia).
Rectal temperature was continuously monitored and main-
tained at 37.0°  0.5°C, using a thermal pad. All rats were
given heparin sodium (100 U).
The arterial embolectomy catheter was passed from the
left femoral artery to the descending aorta (10-11 cm from
the arterial incision). Blood was withdrawn with a right
femoral artery cannula until the distal blood pressure de-
creased to 50% of the baseline. Blood volume was reduced
by about 6 to 8 mL, which is approximately 20% to 30% of rhe total blood volume in the rat. The catheter balloon was
nflated with 0.1 mL distilled water and maintained for 12
inutes. At the end of the AO period, the catheter was
eflated and removed, and the withdrawn blood reinfused.
fter operative procedures, protamine sulfate (1 mg) as
dministered.
The S group underwent a sham operation using the
escribed procedures, without balloon inflation or blood
olume reduction.
Spinal cord IPC. Spinal cord IPC was induced by
-minute AO without blood withdrawal. In the P group,
he catheter was immediately deflated and removed. In the
I/R group, the catheter was deflated and kept in place
uring the 5-minute reperfusion, before proceeding to the
/R procedure as described.
Spinal cord blood flow (laser-Doppler flowmetry).
he measurements of spinal cord blood flow were done in
ll four groups. After preparation for the sham operation,
PC, I/R, and IPCI/R procedures, the animals were
laced prone. Laminectomy was performed at the T11-12
evel, with sufficient lateral extension to allow exposure of
he local spinal dura. Real-time microcirculatory changes in
he spinal cord were assessed before, during, and after AO.
laser Doppler flowmetry (LDF) probe (Moor LDI2;
oor Instruments Inc, Wilmington, Del) was placed 20
m above the intact dura of an area devoid of macroscopi-
ally visible blood vessels. The laser beam reflected from
oving red blood cells in capillaries, arterioles, and venules
as detected. Mean flux values representing regional per-
usion were calculated from the relative flux units for the
rea corresponding to the spinal cord. Valid flow signals
ere defined as those having arterial pulsations. Output
ignals were collected continuously throughout the exper-
ment and averaged every 0.5 seconds.5,17,19 Initial stabili-
ation and measurement of baseline LDF values required
5 minutes, after which induction of spinal cord precondi-
ioning or ischemia was recorded.
Tissue oxygen monitoring. The measurements of
pinal cord tissue oxygenation were done in all four groups.
fter preparation for the sham operation, IPC, I/R, and
PCI/R procedures, the animals were placed prone.
aminectomy was performed, as described. After minimal
ncision of the dura, a polarographic Clark-type microcath-
ter (LICOX PO2 probe; GMS, Kiel, Germany) was care-
ully introduced into the spinal cord parenchyma from the
idline and advanced 1 cm in a caudal direction so that the
ip of the probe was inserted into the spinal cord. Stabili-
ation and measurement of baseline tissue oxygen pressure
PO2) required about 10 minutes. Spinal cord PO2 was
ecorded every 30 seconds before, during, and after AO.
Neurologic assessment. Neurologic status was scored
y two blinded researchers on postprocedure days 1, 3, 5,
nd 7. Hind limb motor function was graded by the Tarlov
coring system,20 in which 0 indicates no movement of the
ind limbs; 1, perceptible movement of the hind limb
oints; 2, good movement of the joints but an inability to
tand; 3, the ability to stand and walk; and 4, complete
ecovery.
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end of the observation period, the rats were deeply anes-
thetized with phenobarbital sodium and transcardially per-
fused with heparinized saline (100 mL), followed by 4%
paraformaldehyde (500 mL) in phosphate buffer (pH 7.4).
The spinal cords were removed after perfusion fixation and
fixed in 4% paraformaldehyde for 24 hours and 30% sucrose
for 24 hours before embedding in paraffin.5
Immunohistochemistry. The procedures for immu-
nohistochemistry have been described previously.5 Trans-
verse paraffin sections (6 m) were cut at the lumbar
enlargement and immunostained for neuronal nuclear
(NeuN) antigen, which serves as an excellent marker for
neurons in the central and peripheral nervous systems.
Motor neuron survival. Spinal cords from each treat-
ment group were removed at the level of the lumbar
enlargement after perfusion fixation on day 7. Neuronal
survival was assessed by counting cells in the anterior spinal
cord (anterior to an imaginary line drawn through the
central canal perpendicular to the vertical axis) showing
positive NeuN immunostaining.21
Statistical analysis. Data are presented as mean 
standard deviation. Tarlov scores were compared using
repeated-measures analysis of variance (ANOVA). Hemo-
dynamic parameters were compared using Wilcoxon
signed-ranks test between baseline and measured data at 60
minutes after reperfusion. Numbers of surviving motor
neurons were compared using one-way ANOVA. Spinal
cord blood flow and oxygenation were analyzed by the
Mann-Whitney U test. The investigators were blinded to
the treatments. Values for statistical analyses were consid-
ered significant at P  .05. Analyses were performed using
SPSS 12.0 software (SPSS Inc, Chicago, Ill).
RESULTS
Hemodynamic parameters. The Table reports the
hemodynamic parameters measured during the experimen-
tal period. Compared with baseline data, a significant in-
Table. Summary of hemodynamic parameters
Variablea
Sham
(n  6)
Distal arterial pressure, mm Hg
Baseline 92  11
60 minutes after reperfusion 97  13
P .12
Heart rate, beats/min
Baseline 377  14
60 minutes after reperfusion 372  12
P .173
Temperature, °C
Baseline 37.8  0.6
60 minutes after reperfusion 37.5  0.5
P .078
I/R, Ischemia-reperfusion; P, ischemic preconditioning.
aContinuous variables are presented as mean  standard deviation.
bThemeasuredmean distal blood pressure and heart rate were statistically sigcrease in mean distal arterial pressure and heart rate were gbserved 60 minutes after reperfusion in the P, I/R, and
I/R groups; no such changes were observed in the S
roup.
Neurologic outcome. Hind limb motor function at
ach interval is shown in Fig 1. All animals in the S and P
roups were neurologically normal up to 7 days after rep-
rfusion. Tarlov scores in the I/R group were significantly
ower than those in the S, P, and PI/R groups on days 1,
, 5, and 7. No significant differences were noted between
he S, P, and PI/R groups.
Histopathologic outcome. The lumbar spinal cord
as examined histopathologically 7 days after reperfusion.
he numbers of surviving motor neurons in the S, P, and
I/R groups were significantly higher than those in the
/R group (Fig 2). There was no difference in the number
f surviving motor neurons among the S, P, and PI/R
ig 1. Tarlov scores are represented in the four groups on days 1, 3,
, and 7. Tarlov scores in the ischemia-reperfusion (I/R) group were
ignificantly lower than those in the sham (S), ischemic precondition-
ng (P), and PI/R groups (n 6 in each group) on days 1, 3, 5, and
. The error bars show the standard deviation. *P .001.
P group I/R group PI/R group
(n  6) (n  6) (n  6)
98  10 101  12 97  11
108  12 110  12 106  11
.046a .026b .027b
383  18 397  10 385  13
408  14 423  9 418  14
.028b .028b .028b
37.3  0.7 37.5  0.8 37.3  0.7
37.1  0.6 37.1  0.5 37.1  0.6
.34 .102 .176
t between baseline and 60minutes after reperfusion based on positive ranks.roups.
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cord blood flow is shown in Fig 3. In the P and PI/R
groups, LDF flux decreased to 19%  5% of the baseline
during the preconditioning period, and hyperemia was
restored (130%  10%) in the early stage of reperfusion.
During the ischemia period, the PI/R group showed
slightly higher values (15%  7%) than the I/R group
(10%  6%). In the P group, the LDF flux remained at
108%  17% of the baseline at 60 minutes. In the I/R
group, LDF values progressively decreased to 58%  9%
Fig 2. Representative photomicrographs of lumbar
neuronal nuclear antigen in the sham (S), ischemia-r
PI/R groups (n  6 in each group). The numbers
groups are shown on day 7 after reperfusion. *P  .00of the baseline at 60 minutes after occlusion release. rfter AO release in the PI/R group, values remained at
2%  18% of the baseline 60 minutes later.
Spinal cord oxygenation monitoring. Fig 4 shows
pinal cord tissue oxygenation. The mean spinal cord PO2
eading at the baseline was 43 5 mmHg in all groups. In
he P and PI/R groups, this decreased within 1minute of
reconditioning to 6 3mmHg. In the P group, cord PO2
eturned to 52 4mmHg 2 to 3minutes after reperfusion
nd persisted at 46  3 mm Hg 60 minutes later. PI/R
roup cord PO recovered to 49  5 mm Hg upon AO
l cord sections are stained by immunostaining with
usion (I/R), ischemia preconditioning (P), and the
rvival motor neurons (red neuronal cell) in the fourspina
eperf
of su2
elease and remained stable at 40  5 mm Hg 60 minutes
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mmHg on AO release and deteriorated to 29 5 mmHg
60 minutes after reperfusion.
DISCUSSION
Spinal cord I/R injury is a potentially devastating and
unpredictable complication of thoracic aorta aneurysm sur-
gery. Occlusion of the descending thoracic aorta reduces
spinal blood flow in many animal models and in hu-
mans.4,22 Several protective strategies have been developed
that attempt to preserve blood supply or increase spinal
cord ischemic tolerance.1,3,4 However, no method can
completely prevent the development of paraplegia. Spinal
cord I/R injuries leading to hypoperfusion and resulting in
oxygen deficiency have been demonstrated.5,22 Direct im-
Fig 3. Spinal cord blood flow in the four groups is repres
indicate release of aortic occlusion.A, Sham (S) and ischem
B, Ischemia-reperfusion (I/R) and PI/R groups (n 6
Fig 4. Spinal cord tissue oxygenation in the four grou
the arrowheads indicate release of aortic occlusion. A,
.001. **P  .026-.043. ***P  .032-.043. B, Ischem
each group). *P  .001. **P  .003-.004. ***P  .0provement of blood flow and oxygen delivery may be a straightforward method of preventing postoperative spinal
ord I/R injury.
The Table reports the hemodynamic parameters mea-
ured during the experimental period. The increase inmean
istal arterial pressure and heart rate observed 60 minutes
fter reperfusion in the P, I/R, and PI/R groups were
onsidered to be responses to the ischemic stress.
The brain and spinal cord have autoregulation systems
hat maintain a stable blood supply and proper oxygen
elivery even when perfusion pressure changes. Although
he mechanism of spinal cord autoregulation during IPC
as not been well studied, our results support the ability of
PC to trigger spinal cord autoregulation and maintain
onstant blood flow and oxygen delivery during and after
n ischemic insult. From the observation in the P group,
. The arrows indicate aortic occlusion and the arrowheads
econditioning (P) groups. *P .001. **P .001-.043.
ch group). *P .001. **P .001. ***P .016-.045.
represented. The arrows indicate aortic occlusion and
(S) and ischemic preconditioning (P) groups. *P 
perfusion group (I/R) and PI/R groups (n  6 in
38.ented
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Volume 55, Number 4 Liang et al 1121lasted for at least 1 hour. Spinal cord hypoperfusion was
observed in the I/R group during the reperfusion period
after I/R. After reperfusion, short-term hyperemia was
observed, and spinal cord blood flow and oxygenation
dropped gradually to about only 58% to 67% of the baseline
60 minutes later, clearly indicating dysfunctional spinal
cord autoregulation. However, spinal cord blood flow and
tissue oxygenation in the PI/R group dropped only
slightly, to 92% to 93% of the baseline 60 minutes later,
indicating that autoregulation was functional.
IPC protection has two distinct protection mecha-
nisms, rapid and delayed IPC. In rapid IPC, the protective
effects of previous IPC become apparent within minutes
after the initial insult and persist for 1 to 2 hours.15,23,24 In
delayed IPC, the pretreated organ is rendered resistant to
I/R injury for up to several days after the initial I/R
challenge.25 Zvara et al13 reported that IPC induced by 3
minutes of ischemia with a 30-minute reperfusion interval
on rat spinal cord damage caused by 12 minutes of subse-
quent ischemia reduced neurologic injury at 24 and 48
hours after reperfusion. Sirin et al26 demonstrated that IPC
with 5-minute ischemia and 25-minute reperfusion on
spinal cord injury mediated by 20-minute ischemia in rab-
bits reduced spinal cord injury and improved neurologic
outcome 48 hours after reperfusion. These results are com-
patible with ours and indicate that rapid IPC can ameliorate
injuries to the spinal cord soon after ischemia.
Several mechanisms have been postulated for this rapid
effect of IPC. First, adenosine and adenosine triphosphate-
sensitive potassium channels may be involved in the acqui-
sition of ischemic tolerance by rapid IPC. Nakamura et al23
reported that rapid tolerance to focal cerebral ischemia was
attenuated by adenosine A1 receptor antagonist in rats.
Caparrelli et al27 demonstrated that administration of di-
azoxide, a potent mitochondrial adenosine triphosphate-
sensitive potassium channel agonist, reduced neurologic
injury in a model of spinal cord ischemia.
Second, rapid IPC may modulate inflammation after
ischemia. Perez-Pinzon et al24 reported that rapid IPC
reduced microglial activation after cerebral ischemia, sug-
gesting the involvement of an anti-inflammatory process.
Third, IPC may have a protective effect by suppressing
apoptosis by inhibiting apoptosis signal-regulating kinase
(ASK) 1-14-3-3 dissociation.28
Fourth, rapid IPC may affect blood flow within the
brain and spinal cord. Nakamura et al18 reported that rapid
tolerance to focal cerebral ischemia was related to early
recovery of regional cerebral blood flow. Fan et al29 re-
ported that rapid IPC might enhance spinal cord tolerance
by increasing spinal cord blood flow and reducing norepi-
nephrine levels after lethal ischemia.
Our results show that neuroprotection by rapid IPC is
evident by improvement in spinal cord blood flow and
oxygenation after a very short reperfusion interval, suggest-
ing that immediate mechanisms may be important in this
rat model of spinal cord I/R injury. The interval between
IPC and I/R in our study was 5 minutes. Our preliminary
data showed that at 2 to 3 minutes after AO release, cord cxygenation recovered to the baseline or increased further.
t 3 to 5 minutes, oxygenation reached 120% to 130% of
aseline; therefore, maximal delivery of oxygen and blood
ow was obtained 3 to 5 minutes after reperfusion. Thus,
e initiated the ischemic procedure 5 minutes after reper-
usion, whichmay provide optimal benefits of rapid IPC. In
ecent reports of human trials, a 5-minute reperfusion was
sed, with impressive preliminary results.9,10,12 In our pres-
nt study, we also demonstrate that this 5-minute interval
or reperfusion matches well with the clinical applications.
Because the efficacy of rapid IPC varies depending on
ethal ischemia severity, our results might differ if the
schemic conditions were changed. Perez-Pinzon et al24
emonstrated that rapid IPC was ineffective 7 days after
0-minute ischemia. However, when the ischemia was
educed to 7 minutes, a clear trend of neuroprotection by
PC was observed 7 days after reperfusion. Moreover, the
PC method might affect the results. From our results,
e selected a 5-minute reperfusion interval; however, a
horter or longer reperfusion interval may alter the pro-
ective efficacy. The improvement of neuronal survival
fter IPC was evident at day 7; therefore, IPC had both
apid and delayed effects, both of which may contribute
o the neuroprotection.
The LDF technique has been validated for experi-
ental measurements of spinal cord blood flow. Contin-
ous monitoring of spinal cord microcirculation corre-
ates well with the microsphere technique for assessing
apid dynamic changes.30 Epidural LDF predicted histo-
athologic and clinical outcomes in a spinal cord isch-
mia model induced by thoracic aortic occlusion in
ats.31 Here, changes in LDF were correlated to tissue
xygenation. Disadvantages of the LDF technique in-
lude lack of absolute values, sensitivity to artifacts, and
eed for laminectomy.
We have demonstrated that continuous real-time
onitoring of cord oxygenation offers sensitive detec-
ion of spinal cord ischemia during AO and can be used
or real-time monitoring of IPC effects. Although we
ollected real-time tissue oxygenation data directly from
pinal cord tissue, the method is impractical for use in
umans. Similar findings were reported with a CSF PO2
tudy in spinal cord ischemia, but with an intrathecal
SF PO2 monitor with a LICOX probe, which is more
exible and minimally invasive.32 Reliable methods for
onitoring spinal cord blood flow and oxygenation dur-
ng thoracoabdominal aortic operations may be impor-
ant for paraplegia prevention. The predictive power of
ntrathecal CSF PO2 monitoring must be determined;
hen, a combination of CSF drainage and CSF PO2
onitoring may be used as a new intraoperative moni-
oring system akin to the spinal cord evoked potential
echnique. Our findings are concordant with these ob-
ervations; the intrathecal CSF PO2 data correlated well
ith our measurements with an intraparenchymal cord
O2 catheter. Because the CSF PO2 and cord PO2 data
re very similar, CSF PO may serve as a surrogate for2
ord PO2.
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rapid IPC and the importance of spinal cord autoregula-
tion. From the results, it seems that autoregulation is
important in the early stages. Therefore, IPC could be used
perioperatively with CSF drainage and PO2 monitoring for
meaningful clinical benefits without increasing the operat-
ing time very much. To our best knowledge, this is the first
study evaluating the neuroprotective effects of acute IPC
after a short reperfusion interval, demonstrating improved
spinal cord blood flow and oxygenation resulting from the
triggering of spinal cord autoregulation.
CONCLUSIONS
This study shows that 3 minutes of IPC with 5 minutes
of reperfusion triggers spinal cord autoregulation, improves
local blood flow and tissue oxygenation, and ameliorates
spinal cord I/R injury. This concept may have clinical
utility in patients requiring aortic surgery, and triggering
and maintenance of spinal cord autoregulation may be new
therapeutic targets.
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